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The structural and functional properties of kaﬁrins are reviewed. Three classes of kaﬁrin: the a, b and g forms have been identiﬁed at
the protein level and one, the d, has been identiﬁed only at the gene and transcript levels. All forms show high homology with the
equivalent zein proteins. By analogy with the zeins it is believed that the a-kaﬁrins probably have an extended hairpin structure in
solution, comprising elements of a-helix, b-sheet and turns folded back on itself. Kaﬁrins are the most hydrophobic of the prolamins as
shown by their solubility, and calculated hydration free energies. The proteins exhibit extensive cross-linking by disulphide bonds and on
cooking form indigestible aggregates which are not solubilised by reduction of disulphide bonds. In spite of continuing studies, the
reasons for the low digestibility of the protein remain uncertain and there may be several factors involved. Other research has shown that
kaﬁrins may have non-food uses and may be used to form ﬁlms.
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In common with other cereals, the major storage
proteins (kaﬁrins) in the grain of sorghum are soluble in
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Table 1
Comparison of the properties of the four types of kaﬁrin protein
Kaﬁrin type Molecular mass No. of amino acid
residues
Amino acid composition Polymerisation behaviour Number of genes
a 26,000–27,000 240–250 Rich in non-polar amino
acids, no Lys, one Trp, 10
blocks of repeated amino
acids
Monomers, oligomers and
polymers
Approx. 20
b 18,745 172 Rich in Met and Cys, two
Trp
Monomers and polymers 1
g 20,278 193 Rich in Pro, Cys, His. No
Lys, Asn, Asp, Trp. Four
repeats (consensus
PPPVHL)
Oligomers and polymers 1/2
d 12,961 114 Rich in Met, no Lys, 1 Trp Not known Not known
Based on details in De Barros et al. (1991), El Nour et al. (1998), Nunes et al. (2001), Leite et al. (1999) and Chamba et al. (2005).
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The name prolamin was coined by Osborne (1924) to
reﬂect their high contents of proline and amide nitrogen,
derived from glutamine, and these two amino acids
together account for over 30% of the total residues in
total kaﬁrin fractions (Table 1).
Although Osborne (1924) used aqueous ethanol to
extract prolamins, we now know that other aqueous
alcohols may be more effective solvents for prolamins.
Thus, 50% (v/v) aqueous propan-1-ol is frequently used
for prolamins of wheat and barley (Byers et al., 1983;
Shewry et al., 1978) while 55% (v/v) aqueous propan-2-ol
provides effective extraction of prolamins from maize
(Leite et al., 1990; Wilson, 1987). However, it has been
known for some time that these alcohols do not efﬁciently
extract kaﬁrins and that 60% (v/v) aqueous tertiary
butanol (2-methyl-2-propanol) is more effective. Tertiary
butanol is a more hydrophobic solvent than ethanol,
propan-1-ol or propan-2-ol, which implies that the kaﬁrins
behave more hydrophobically than other cereal prolamins.
For more detailed comparison of hydrophobicities see
Section 3.
In all cereal species the prolamins comprise mixtures
of monomeric, oligomeric and polymeric components,
with the latter only being completely extracted if re-
ducing agents (such as dithiothreitol or 2-mercaptoethanol)
are included in the solvent to reduce inter-chain di-
sulphide bonds. It is also possible to extract the mono-
meric and oligomeric components and the reduced subunits
of the polymers in separate sequential fractions, using
aqueous alcohol followed by the same solvent contain-
ing a reducing agent. In sorghum, these two fractions
are present in approximately equal amounts and were
initially reported to account for about 55% of the total
grain nitrogen (Paulis and Walls, 1979). However, Ha-
maker et al. (1995) used more efﬁcient extraction proce-
dures and showed that kaﬁrin accounted for 68–73% of
total protein in whole grain ﬂours and 77–82% in
endosperm.2. Groups of kaﬁrins
The closest cultivated relative of sorghum is maize,
which is classiﬁed in the same subfamily of grasses
(Panicoideae). The massive volume of research on maize
prolamins (zeins) has therefore provided a framework for
the analysis of kaﬁrins while comparison of the prolamins
from the two species is of interest in relation to determining
the molecular basis for the unique properties of sorghum
prolamins.
Sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) of total kaﬁrin extracted and
separated under reducing conditions shows several com-
ponents with masses ranging from about 15,000 to almost
30,000 (Fig. 1b). These have been classiﬁed into three
groups of prolamins, called a, b and g-kaﬁrins, based on
their relationships to the zeins revealed by their amino acid
compositions and sequences, their molecular masses and
their immunochemical cross-reactions (Table 1) (Mazhar
et al., 1993; Shull et al., 1991). A fourth group, related to
the d-zeins of maize, has been identiﬁed from the sequences
of cloned DNAs but has not been characterised at the
protein level. The full-length sequences which are available
for these groups of kaﬁrins are listed in Table 2, which also
gives data on the mature proteins (i.e. after removal of
signal sequences). It should be noted that the b, g and d-
kaﬁrins have related amino acid sequences and form part
of a superfamily which includes a number of other protein
groups including the prolamins of wheat, rye and barley
and several groups of small sulphur-rich seed proteins
(Kreis et al., 1985; Shewry, 1995).
2.1. a-kafirins
The a-kaﬁrins comprise about 80–84% of the total
fraction in vitreous endosperms and 66–71% in opaque
endosperms (Watterson et al., 1993), and are resolved by
SDS-PAGE into two bands ofMr about 25,000 and 23,000
(Shull et al., 1991) (Fig. 1). A high proportion of the total
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Fig. 1. SDS-PAGE of total kaﬁrins from seed of sorghum cv Dabar
showing the a-, b- and g-kaﬁrin components. Lane 1, unreduced 60% (v/v)
t-butanol extract; lane 2, reduced 60% (v/v) t-butanol extract; lane 3,
proteins extracted from the residue with 60% (v/v) t-butanol plus 5% (v/v)
2-mercaptoethanol; lane 4, Mr standard proteins. P, T and D indicate
protein polymers, trimers and dimers, respectively. a1, a2, b and g indicate
the kaﬁrin proteins (taken from El Nour et al. (1998), with permission).
P.S. Belton et al. / Journal of Cereal Science 44 (2006) 272–286274fraction is extractable in aqueous alcohols as a mixture of
monomers and oligomers (Fig. 1, track 1), but some
subunits are present in insoluble polymers and can only be
extracted under reducing conditions (El Nour et al., 1998;
Nunes et al., 2005) (Fig. 1, track 3). Analyses using high-
resolution systems such as 2D electrophoresis (El Nour
et al., 1998; Shewry and Miﬂin, 1985), HPLC (Smith, 1994)
and free zone capillary electrophoresis (Bean et al., 2001)
show that a-kaﬁrins can be resolved into more components
which vary in number and properties between genotypes
and with the separation system used. It is presumed that
these correspond to the products of separate genes but, as
with most other groups of cereal prolamins, it has not been
possible to relate individual genes to protein products.
Recent studies carried out by R. Jung and colleagues
(pers. comm.) have shown that a-kaﬁrins can be divided
into two classes related most closely to the Mr 19,000 and
Mr 22,000 a-zeins, respectively. However, these proteins do
not correspond to distinct size classes of proteins on SDS-
PAGE. Jung and co-workers also showed that transcripts
for ‘‘Mr 19,000’’ a-kaﬁrins were more abundant than those
for ‘‘Mr 22,000’’ a-kaﬁrins, accounting for about 25% and20%, respectively, of a library of approximately 15,000
cDNAs from mid-maturation stage whole seeds of
sorghum. The same study showed that at least nine ‘‘Mr
19,000’’ a-kaﬁrin genes are expressed, with one accounting
for approximately 10% of the total ESTs sequenced.
However, EST counts are not a wholly reliable method of
estimating transcript abundance as there can be biases due
to technical considerations.
The sequences of ‘‘Mr 19,000’’ a-zeins available in the
WGS database (http://www.ncbi.nlm.nih.gov/traces/tra-
ce.cgi) encode proteins which are highly similar to the
example (UUF130212.gl) shown in Fig. 2. In particular, all
differ from the ‘‘Mr 19,000’’ a-zeins in containing a third
cysteine residue (compared to two in theMr 19,000 a-zeins)
close to the protein C-terminus. This could presumably
result in the formation of branched and cross-linked
oligomers rather than only head-to-tail concatenates.
Song et al. (2005) reported the presence of 10 genes
encoding kaﬁrins related most closely to Mr 22,000 a-zeins
on a single 35 kbp fragment of genomic DNA and
suggested that all were expressed. A number of sequences
encoding these proteins have been reported (DeRose et al.,
1989) or been deposited in databases and these encode
proteins with 93% or greater sequence identity. These
differ particularly in the extent of expansion of a series of
glutamine residues starting at about residue 70 (Fig. 3),
within the second of the 10 tandem repeat regions of 15–20
amino acids which have been described for these proteins
by Garratt et al. (1993). These repeats are rich in
glutamine, proline, alanine and leucine and are highly
degenerate. Because of this degeneracy, their precise
borders are difﬁcult to assign and approximate positions
are indicated in Fig. 3.
2.2. g-kafirins
The g-type prolamins of maize, sorghum and related
cereals are unique among prolamins in that they are readily
soluble in water as reduced subunits (hence the g-zein of
maize was initially described as ‘‘reduced soluble protein’’
by Wilson et al. (1981). However, they are insoluble in the
native state due to their presence in polymers stabilised by
inter-chain disulphide bonds. Three g-zeins are present in
maize. The major g-zein band accounts for 15–20% of the
SDS-extractable protein and has a molecular mass by SDS-
PAGE of about 27,000 while a less abundant component
has a mass by SDS-PAGE of about 16,000. The true
masses of these proteins are about 22,000 and 18,000,
respectively (Prat et al., 1987). In addition, Woo et al.
(2001) recently identiﬁed transcripts encoding a further
g-zein component with a mass by SDS-PAGE of about
50,000, and used antibodies to show the presence of trace
amounts of the corresponding protein. A further g-kaﬁrin
sequence closely similar to the Mr 49,000 g-zein has
recently been found by Jung and co-workers (pers. comm.).
The Mr 27,000 and 16,000 g-zeins both have a clear
domain structure with an N-terminal domain comprising
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Table 2
Sequences available for kaﬁrin proteins
GENPEPT accession
number
Cultivar/breeding line Number of amino acids of
mature protein
Mr of mature protein
‘Mr 22,000’ a-kaﬁrin AAM94307 BTx623 247 27,019
AAM94308 BTx623 247 27,019
AAM94309 BTx623 248 27,071
AAM94310 BTx623 247 27,051
AAM94311 BTx623 247 27,025
AAM94312 BTx623 248 27,057
AAM94313 BTx623 247 26,993
AAM94314 BTx623 247 26,993
AAM94315 BTx623 247 26,987
AAM94316 BTx623 247 26,977
AAM94288 INRA450 247 26,977
CAA34228 RTX-430 246 26,872
CAA76781 INRA450 246 26,819
CAA76782 White Martin 246 26,873
AAD22148 Not given 163 (truncated at C-term) 17,813
CAA34229 RTX-430 248 27,364
CAA34230 RTX-430 248 27,089
‘Mr19,000’ a-kaﬁrin BUUF130212 (NCBI
trace archive)
Not given 239 (truncated at N-term;
probable length 244)
25,908 (full-length protein
approx. 26,500)
b-kaﬁrin CAG30668 P9405 172 18,745
g-kaﬁrin AAA73078 Not given 192 20,180
CAA44347 INRA450 193 20,251
d-kaﬁrin AAK72689 Not given 114 12,961
AAW32936 SV475 127 14,437
The Institute for Gemone Research (TIGR) (www.tigr.org) Sorghum bicolor Gene Index (SbGI) lists 15 ‘‘Mr 22,000’’a-kaﬁrin entries, 11 genes and four
ESTs, while two related sequences were identiﬁed by similarity searches. The GENEPEPT accession numbers of these sequences are given. The use of
several different cultivars means that some sequences could be allelic. A number of ‘‘Mr 19,000 a-kaﬁrin sequences are present in the NCBI trace archive
(www.ncbi.nlm.nih.gov/Traces/trace.cgi). All are closely similar to the BUUF130212 sequence which is listed above. Only one b-kaﬁrin sequence and two
g-kaﬁrin and d-kaﬁrin sequences are available.
P.S. Belton et al. / Journal of Cereal Science 44 (2006) 272–286 275repeats of a conserved hexapeptide motif, Pro.Pro.Pro.-
Val.His.Leu. However, they differ in that eight almost
perfect repeats are present in the Mr 27,000 subunit but
only two incomplete copies in the Mr 16,000 g-zein. In the
Mr 50,000 g-zein, this region is extended but the sequence
does contain the same conserved repeat motifs.
Evans et al. (1987) reported the presence of ‘‘reduced
soluble protein’’ (ie g-kaﬁrin) in sorghum with the major
component having an Mr of about 28,000 by SDS-PAGE.
A minor band of Mr about 49,000 was also present, which
is similar to the situation in maize (Wilson et al., 1981).
This higher molecular mass band may represent an
unreduced dimeric form of the Mr 28,000 g-kaﬁrin or a
higher molecular mass component as described for g-zein
by Woo et al. (2001). Watterson et al. (1993) have reported
that g-kaﬁrin accounts for 9–12% of the total kaﬁrin
fraction in vitreous endosperms and 19–21% in opaque
endosperms.
Two sequences of g-kaﬁrins are available (Table 2), both
corresponding to mature proteins of Mr about 20,000.
Their amino acid sequences are 99% identical and are
similar to those of the g-zeins except that only four repeats
of the Pro.Pro.Pro.Val.His.Leu motif are present (Fig. 4).
It is possible that these repeats are responsible for the
solubility properties of g-kaﬁrin and g-zein as calculation offree energy (see below) indicates that they are the most
hydrophobic groups of prolamins in these cereals. These
two g-kaﬁrin sequences were almost certainly derived from
different lines and hence may correspond to allelic variants.
However, Das and Messing (1987) reported that one or
two genes are present for the corresponding g-zein in
maize.
2.3. b-kafirins
Watterson et al. (1993) reported that b-kaﬁrin accounted
for about 7–8% of the total kaﬁrins in vitreous endosperm
tissue but 10–13% in opaque endosperm tissue. However,
the same group identiﬁed three major components of Mr
15,000, 17,000 and 18,000 as b-zeins (Shull et al., 1991,
1992). This contrasts with a recent report which indicated
that only a single b-kaﬁrin gene was present (Chamba et
al., 2005), which agrees with the presence of a single b-zein
gene in maize (Coleman and Larkins, 1999).
The gene reported by Chamba et al. (2005) encodes a
mature protein of 172 amino acids (Mr 18,745), including
16 methionines (9.3mol%) and 10 cysteines (5.8mol%).
The sequence shows a high level of identity with b-zein
(Fig. 5) which has a similar content of methionine resi-
dues (11.4mol%). However, b-zein contains only seven
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Fig. 2. Alignment of the amino acid sequences of an ‘Mr 22,000’ a-kaﬁrin PSKR2 (GENPEPT database entry CAA34228), an Mr 22,000 a-zein
(1107201A), anMr 19,000 a-zein (AAL16985) and an ‘Mr 19,000’ a-kaﬁrin (NCBI trace archive entry BUUF130212). *The ‘Mr 19,000’ a-kaﬁrin sequence
is truncated at the N-terminal end; the probable length is 244 residues, Mr approx. 26,000. Conserved residues are highlighted.
P.S. Belton et al. / Journal of Cereal Science 44 (2006) 272–286276cysteines. This odd number of cysteine residues may
account for the fact that b-zein appears to be wholly
present in oligomers and polymers (Wilson, 1987; Wilson
et al., 1981). In contrast, the presence of 10 cysteines in
b-kaﬁrins may allow it to be present as monomers with
intra-chain disulphide bonds or as oligomers and polymers
with intra- and inter-chain disulphide bonds.
2.4. d-kafirin
The d-zeins of maize comprise components of Mr about
14,400 and 21,100 which are encoded by single genes
(Coleman and Larkins, 1999). They are methionine-rich
and the larger component appears to have been derived
from the smaller one by duplication of part of the
methionine-rich central region. Hence, their methionine
contents are 26.9 and 22.8mol%, respectively. Whereas the
d-zeins can be detected by SDS-PAGE the corresponding
d-kaﬁrin has not yet been identiﬁed at the protein level.
Nevertheless, two sequences of d-kaﬁrins have been
reported, both of which show high homology with the
Mr 14,000 d-zein (Fig. 6). It is therefore likely that these are
allelic variants. They both differ from the Mr 14,000 d-zein
in having a smaller methionine-rich region and hence have
lower methionine contents (approximately 16 and
18mol%) (Table 3).3. Kaﬁrin hydrophobicity
The results of a calculation of the free energies of
hydration of kaﬁrins based on sequence data and amino
acid analyses are given in Table 4. Data are normalised to a
molecule consisting of 100 residues by multiplying the
hydration energy for each residue by its abundance
expressed in mol%. In this way, molecular weight effects
of individual proteins are removed and values can be
compared directly. For comparison, the hydration energy
of an ‘‘average’’ protein (Shewry et al., 2003) is 164 kcal/
mol. It is clear that the kaﬁrins are in general more
hydrophobic than average proteins and wheat prolamins
(Shewry et al., 2003) which have values around 160 kcal/
mol. The a forms of kaﬁrin are comparable to a-zein which
has a value of 140 kcal/mol. However, it should be noted
that the table shows that the details of sequences do have a
signiﬁcant effect on the hydration energies. This is shown
by the three examples of the a-kaﬁrins and comparison of
the value given here for the g form (100 kcal/mol)
compared with that published (Duodo et al., 2003) for
the g preprotein of 114 kcal/mol.
Table 4 shows that, in terms of hydration energy, g-
kaﬁrin is the most hydrophobic of the kaﬁrins which are
known to be expressed at substantial levels. However, this
conclusion seems to be contradicted by the fact that it is the
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Fig. 4. Alignment of the amino acid sequences of g-kaﬁrins 1 (GENPEPT AA
above the sequence indicates the region of repeated peptides (consensus seque
Fig. 5. Alignment of the amino acid sequence o
Fig. 3. (Continued)
P.S. Belton et al. / Journal of Cereal Science 44 (2006) 272–286278only kaﬁrin which is water soluble. This may in part be
explained by the high level of histidine in the protein
(7.8mols %). Since the pKa of histidine is about six, there
may be a high degree of ionisation which leads to
electrostatic repulsion and hence water solubility.
An alternative approach to hydrophobicity is to measure
the changes in water absorption as the temperature is
changed (Grant et al., 1999), with hydrophobic proteins
tending to expel water as the temperature is increased
whereas hydrophilic ones tend to absorb water (Grant
et al., 1999). Data for total kaﬁrin and zein proteins from
the appropriate ﬂours are shown in Fig. 7 (data from
Grant, A. and Belton, P.S., unpublished results).
The raw zein and kaﬁrin absorb water quite strongly
indicating their hydrophilic nature, which is consistent with
the hydration energy calculations. On cooking by heatingA73078) and 2 (CAA44347), and Mr 27,000 d-zein (AAL16977). The line
nce PPPVHL).
f b-kaﬁrin (AJ717660) and b-zein (PO6673).
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Fig. 6. Alignment of the amino acid sequences of the d-kaﬁrins 1 (GENPEPT AAK72689) and 2 (AAW32936), Mr 10,000 d-zein (AAL16981) and Mr
18,000 d-zein (AF371265).
Table 3
Amino acid compositions of kaﬁrins deduced from the sequences of cloned DNAs (details of accessions are shown in Table 2)
Residues/mole
Amino acid a (PGK1) (CAA34230) a (PSKR2) (CAA34228) b (CAG30668) g (CAA44347) g (AAA73078) d (AAK72689) d (AAW32936)
Ala 37 41 24 12 11 8 9
Cys 1 2 10 15 15 4 4
Asp 1 0 2 0 0 1 1
Glu 1 1 2 2 2 0 0
Phe 6 8 2 3 3 6 5
Gly 4 2 11 17 17 2 2
His 3 3 0 15 15 3 3
Ile 14 11 2 5 5 5 5
Lys 0 0 0 0 0 0 0
Leu 38 41 19 16 16 11 14
Met 2 3 16 2 2 18 23
Asn 15 16 2 0 0 3 3
Pro 18 22 15 44 44 18 22
Gln 63 50 28 23 23 15 15
Arg 1 4 5 4 4 2 3
Ser 15 12 7 10 10 6 5
Thr 10 6 7 9 9 7 7
Val 11 15 9 12 12 2 3
Trp 1 1 2 0 0 1 1
Tyr 7 8 9 4 4 2 2
Total 248 246 172 193 192 114 127
P.S. Belton et al. / Journal of Cereal Science 44 (2006) 272–286 279in boiling water, both proteins show a decrease in their
capacity to absorb water and zein apparently absorbing
water less than kaﬁrin, although the difference is only
apparent at the highest temperatures. These observations
cannot result from changes in the overall hydrophilicity of
the proteins as there is no change in amino acid content oncooking. They must therefore result from changes in
protein conformation. Although the conformational
changes are quite small (see Section 6), they may be
sufﬁcient to allow some degree of protein/protein interac-
tions which will prevent the protein mass from swelling in
water and thus limit the amount of water which may be
ARTICLE IN PRESS
Table 4
Hydration energies of kaﬁrins of different origins
Kaﬁrin type Hydration energy (kcal/
mol of 100 residues)
Alpha (PGK1) 144
Alpha (PSKR2) 133
Alpha amino acid analysisa 140
Beta (AJ717660) 123
Gamma (S51798) 100
Delta (AAK72689) 99
aData from Duodo et al. (2003).
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Fig. 7. The relative water adsorption by kaﬁrin and zein as temperature is
increased. Open squares, raw kaﬁrin; open triangles, raw zein. Filled
squares, cooked kaﬁrin; ﬁlled triangles, cooked zein.
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digestibility as the zein, which is the most digestible,
absorbs the least water.4. Cross-linking of kaﬁrins
The precise patterns of cross-linking of the kaﬁrins
would be expected to inﬂuence the properties of the
proteins during processing and their digestibility and
biological value. El Nour et al. (1998) determined the
distributions of kaﬁrin subunits in oligomers extracted with
60% (v/v) t-butanol. Analysis of the extracts by SDS-
PAGE (non-reduced and reduced) (Fig. 1) and SE-HPLC
showed that about 70% of the fraction comprised
oligomers of a- and g-kaﬁrin subunits. Only trace amounts
of b-kaﬁrin were present in oligomers but it was readily
puriﬁed in its monomeric form. The authors then re-
extracted the residue by sonication with the same solvent to
extract polymeric kaﬁrins; although it must be assumed
that this process resulted in some shearing. These polymers
contained b-kaﬁrin as well as of a- and g-kaﬁrin subunits.
Similar results were obtained by Nunes et al. (2005) who
conﬁrmed that the oligomers extracted with 60% (v/v) tert-
butanol comprised a- and g-kaﬁrin but not b-kaﬁrin
subunits.See Section 6 for further discussion of cross-linking on
cooking and effects on digestibility see the section on the
effects of cooking and digestion.
5. Conformation of kaﬁrins
Little work has been performed on kaﬁrins but early
spectroscopic studies (circular dichroism (CD) and infra-
red) indicated that the major components have similar
secondary structure contents to the a-zeins (Wu et al.,
1971), with about 40% a-helix when dissolved in 60% (v/v)
t-butanol. In a more recent study (Gao et al., 2005), using
Fourier transform-infrared (FT-IR) spectroscopy, the ratio
of a-helix to b-sheet conformations was reported as 1.39 to
1. The sample used was a freeze-dried powder of kaﬁrin
extracted from sorghum ﬂour with a water/butanol mixture
and analysis of the same material in solution (Gao, C. and
Belton, P.S., unpublished data) using CD spectroscopy
showed the presence of about 60% a-helix. These data are
also consistent with FT-IR studies of protein bodies from
sorghum which suggested that the protein was about
50–60% a-helix (Duodo et al., 2001). No detailed studies
on speciﬁc subunits have been performed but insight can be
gained by comparison with the homologous subunits of
zein.
5.1. a-prolamins
The secondary structure of zeins has been studied by CD
spectroscopy, using solutions in 70% (v/v) aqueous ethanol
or 70% (v/v) aqueous methanol and using standard
algorithms to deconvolute the spectra and estimate the
proportions of different secondary structure elements
(Argos et al., 1982; Cabra et al., 2005; Forato et al.,
2004; Tatham et al., 1993). The results of these studies are
remarkably consistent in showing high contents of a-helix,
ranging from about 40–60%. This range probably relates
to differences in the fractions used (mixtures or puriﬁed
components), the solvents and the methods used for
deconvolution. Argos et al. (1982) calculated the presence
of 0% or 5% b-structure, depending on the algorithm used
while Cabra et al. (2005) calculated 7.1% and 19.5% b-
sheet for a mixture of a-zeins and a puriﬁed Z19
component, respectively.
FT-IR spectroscopy of a Z19 zein in the dry solid state
also showed 46% a-helix and 22% b-sheet (Forato et al.,
2004) and this analysis was supported by FT-IR and 13C-
NMR studies of fractions rich in a-zein including protein
body preparations (Forato et al., 2003). However, it should
be noted that these studies were carried out on dry protein
rather than the hydrated solid which is presumably the
‘‘native’’ state.
Structure prediction indicates that the high proportion
of a-helix results mainly from the repetitive sequences
present in the centre of the a-zein protein and Argos et al.
(1982) suggested that nine such repeats were present and
each formed an a-helix separated by a turn region. Argos
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Fig. 8. Structural models proposed for a-zeins of maize. (A) a-helices
arranged antiparallel to form a distorted cylinder as proposed by Argos et
al. (1982). The glutamine-rich turn regions allow hydrogen bonding to
molecules in neighbouring planes. (B) a-helices arranged in antiparallel to
form an extended structure as proposed by Matsushima et al. (1997). (C)
A hairpin comprising elements of a-helix, b-sheet and turns as proposed
by Bugs et al. (2004). The HyperChem7 software package was used to
generate the structure using repeated cycles of energy minimisation to ﬁnd
the optimum stereochemical conﬁgurations
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predictions in which the adjacent helices were antiparallel
and clustered to form a distorted cylinder (Fig. 8a). The
highly compact individual a-zein proteins are suggested tointeract via hydrogen bonds formed between glutamine
residues in the turn regions (Fig. 8a), facilitating packing
within the protein body. This model was subsequently
modiﬁed and extended as a general model for all a-type
prolamins (including a-kaﬁrin) by Garratt et al. (1993), by
allowing for the presence of varying numbers of repeat
motifs and hence a-helices. However, Tatham et al. (1993)
questioned whether the distribution of a-helical segments
within the a-zeins was sufﬁciently regular to form such a
highly organised structure.
There is also an increasing body of evidence that a-zeins
have extended conformations, both in the solid state and
solution. Tatham et al. (1993) used small-angle X-ray
scattering (SAXS) and intrinsic viscosity measurements of
solutions in 70% (v/v) ethanol to show that a-zein in
solution has an extended structure, with a length varying
from about 10 to 24 nm depending on the type of analysis
and the interpretation of the data.
Matsushima et al. (1997) also used SAXS to study
solutions in 50% (v/v) aqueous ethanol. They calculated a
length of 13 nm, and suggested that the protein could
consist of a-helices stacked linearly in the direction of the
long axis (Fig. 8b). SAXS was also used by Forato et al.
(2004) to calculate an extended structure of 1.2 13 nm2
and to propose a model based on a hairpin structure, com-
prising elements of a-helix, b-sheet and turns folded back
on itself. A similar hairpin model has recently been pro-
posed by Bugs et al. (2004), based on data from CD, FT-
IR, SAXS and modelling of a-zeins from maize (Fig. 8c)
and related a-prolamins from pearl millet (pennisetin).
The evidence for the existence of thin extended structure
is convincing; however, Gou et al. (2005) have observed
globular structures of zein deposited from ethanol solution.
At low concentrations of zein (o1 mg/ml), fairly uniform
globules were observed with dimensions of between 60 and
120 nm across and 15–50 nm high. In more concentrated
solutions much larger globules were observed. This implies
that at least when zein is deposited from ethanol
agglomerates are formed, although such structures may
not exist in solution. It seems likely that the same
considerations apply to kaﬁrin. Since much of the
functionality of kaﬁrin in food and ﬁlms is not exhibited
in the solutions state, these observations are likely to be
relevant.
5.2. g-prolamins
As discussed above, the g-kaﬁrins contain four complete
copies of the repeat motif PPPVHL close to their N-
terminus. The same motif is present in g-zein, with eight
copies in the major Mr 27,000 component but only two
incomplete copies in the Mr 16,000 component (Coleman
and Larkins, 1999). Analyses of synthetic peptides based
on this motif ((VHLPPP)r, where r ¼ 228) have shown
that it forms an amphipathic poly-L-proline II helix in
aqueous solution (Dalcol et al., 1996; Pons et al., 1987).
Furthermore, atomic force microscopy and electron
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cylindrical micelles of about 3 nm width (Kogan et al.,
2001, 2002). The authors propose that this self-assembly
process may play a role in protein body deposition, by
forming a coat lining the inner face of the ER membrane
which subsequently forms the outer layer of the protein
body.6. Effects of cooking and digestion
The low protein digestibility of sorghum in comparison
with other cereals has been the subject of extensive research
applying in vitro protein digestibility methods. These
methods are based on common basic steps but differ in
conditions such as the time of digestion, the extraction time
and the type of enzyme used. They are summarised in the
review of Duodo et al. (2003).
In addition, Duodo et al. (2003) reviewed the factors that
may affect sorghum protein digestibility, dividing them in
two broad categories: exogenous factors, i.e., interactions
of proteins with non-protein components such as poly-
phenols, starch, non-starch polysaccharides, phytates and
lipids), and endogenous factors (factors arising from the
sorghum proteins themselves), concluding that the poor
digestibility appears to be multi-factorial.
In this review, we consider protein–protein interactions
and interactions of proteins with other chemicals such as
polyphenols and lipids that may affect digestibility.
Polyphenols have a signiﬁcant binding afﬁnity for proteins
which can lead to the formation of soluble and insoluble
protein–polyphenol complexes (Bravo, 1998).
Even ‘tannin-free’ varieties contain low-molecular-
weight phenols. Analysis of two condensed-tannin-free
sorghum varieties (NK 283 and KAT 369) showed that the
decrease in total polyphenol content from whole grain to
endosperm ﬂour was accompanied by an improvement in
protein digestibility of uncooked and cooked samples.
However, a protein-enriched fraction from endosperm
ﬂour contained a higher content of polyphenols by weight
but did not have lower digestibility (Duodo et al., 2002).
Furthermore, Nunes (2004) reported that the extraction of
polyphenols with acidic methanol from sorghum ﬂours of
the same varieties had negative rather than positive effects
on the protein solubility and protein digestibility. A current
view is that low-molecular-weight phenols are unable to
precipitate protein (Bravo, 1998) and that oligomers must
contain at least three ﬂavonol subunits to precipitate
protein effectively. However, the absence of precipitates
does not necessarily imply that complexes cannot be
formed and even in tannin-free varieties such complexes
could exist. The removal of polyphenols could lead to an
increase in hydrophobic protein–protein interactions and
thus to a decrease in digestibility. Currently, therefore, the
evidence of a signiﬁcant role for polyphenols in affecting
protein digestibility is inconclusive and more work is
required.On the other hand, the removal of lipids by hexane
before cooking results in an increase of digestibility of
7.5% for the line NK 283 and 54.5% for KAT 369 (Nunes,
2004). This suggests that lipids form protein–lipid com-
plexes that enhance resistance to enzymic attack.
Heating of sorghum in the absence of water, for example
by popping (Duodo et al., 2001) or extrusion, does not
affect the in vitro protein digestibility (Dahlin and Lorenz,
1993). Parker et al. (1999) discussed the effect of popping
on the endosperm of cell wall of sorghum and maize and
pointed out that the instantaneous expansion of starch
granules into a foam may be signiﬁcant for the main-
tenance of the digestibility. Correia et al. (2005) also heated
sorghum ﬂour for 20min under dry conditions and showed
that the in vitro digestibility did not decrease.
In wet cooking, the water may act as a medium in which
proteins can interact with other components and with each
other, thus the presence of water may be necessary in order
to ensure that such interactions can occur.
There are no reported studies of the effects of cooking on
the spectra of individual sorghum proteins, although
Duodo et al. (2001) studied preparations enriched in
protein bodies. Several varieties of sorghum were examined
together with one maize variety. All of the samples showed
the same general trends: wet cooking resulted in an increase
of the b-sheet content of the samples at the expense of the
a-helical content. However, most of the protein remained
in the a-helical conformation. This is what would be
expected for the effects of heat, as increasing temperature
would be expected to cause some loss of a-helical structure
which may then allow the proteins to form inter-molecular
associations with other proteins via b-sheets. The extent of
formation of b-sheet structure appeared to be greater in
kaﬁrin than zein. However, as similar changes are seen in
samples of high lysine mutants of sorghum which are more
highly digestible, it is unlikely that the higher levels of
b-sheet formation alone are related to low digestibility.
Nunes et al. (2005) have examined the effects of cooking
on the oligomerisation of kaﬁrin. Total extracts of kaﬁrin
from cooked and uncooked ﬂour were made using aqueous
t-butanol and SDS-PAGE gels were run under reducing
and non-reducing conditions. Under non-reducing condi-
tions results similar to those obtained by El Nour et al.
(1998) were observed, showing the existence of high-
molecular-weight aggregates, monomeric a-, b- and
g-kaﬁrins and a series of bands of Mr about 42,000,
44,000 and 60,000. Except for the Mr 66,000 band,
corresponding bands were found in an extract from maize
and similar bands were observed on cooking.
When the uncooked samples were run under reducing
conditions, the high-molecular-weight aggregates and the
66,000, 45,000 and 42,000 bands disappeared. When the
45,000 band from the unreduced gel was extracted and
re-run under reducing conditions, its behaviour depended
on whether the sample had been cooked or not. Thus,
reduced gels of this band from uncooked samples of
both sorghum and maize showed bands corresponding to
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Fig. 9. Electrophoretic areas of HMW ( ), g+a ( ) and b
( ) kaﬁrins. (A) uncooked KAT 369 sorghum ﬂour, (B) cooked
KAT 369 sorghum ﬂour. From Nunes (2004) with permission.
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samples of maize behaved in the same way as the uncooked
samples, reduced gels of this band from sorghum still
showed the original band at Mr 45,000, as well as bands
corresponding to g- and a-kaﬁrins. This demonstrates that
some of the Mr 45,000 band must be cross-linked on
cooking by bonds that are not reduced by reducing agents.
The Mr 66,000 band, which was not present in maize,
was resolved into either g-kaﬁrin or g- and a-kaﬁrins,
dependent on the sorghum cultivar. Once again, in the
cooked sorghum the original Mr 66,000 band was also
observed in the gel run under reducing conditions, again
indicating that the cross-linking was not solely due to
disulphide bonds.
The bands corresponding to high-molecular-weight
aggregates were absent from all of the gels run under
reducing conditions.
The results of this study are summarised in Table 5. They
represent one of the few experiments in which distinct
differences between zein and kaﬁrin properties have been
observed and may be relevant to the differences in the
effects of cooking on the digestibility of sorghum and
maize, although at this point it must be said that their
signiﬁcance is still not clear.
When sorghum ﬂour is digested, a residue of material
remains which contains undigested protein. Early work by
Oria et al. (1995) indicated that the cooked residue
contained a greater proportion of monomers than in the
uncooked material. Further work (Duodo et al., 2002)
indicated that a reduction-resistant oligomer of Mr
45,000–50,000 was present in addition to this enrichment.
In a more detailed study, Nunes et al. (2004) examined the
time course of in vitro digestion of proteins by pepsin. The
authors pointed out that it is important to ensure that all
the protein in the residue is extracted so that the material
sampled is truly representative. The protein was extracted
using 0.0125M borate (pH10), 2% (w/v) SDS and 1% (v/v)
2-mercaptoethanol, and infrared spectroscopy showed that
the protein was completely dissolved. The undigested
protein was then separated by centrifugation and re-
dissolved in a non-reducing buffer for separation by
SDS-PAGE. The residue was separated into a high-
molecular-weight fraction, a combined a- and g-kaﬁrin
fraction and a b-kaﬁrin fraction. All of the samples fromTable 5
The effects of cooking on the prolamin composition and formation of aggreg
Uncooked
Hmw Mr 66000 Mr 45
Material
Maize g+a g+a
Sorghum NK 283 c g g+a
Sorghum KLW g g+a g+a
Sorghum KAT 369 g g+a g+a
Sorghum PAN 8569 g g g+acooked sorghum also contained an Mr 45,000 band and
some varieties contained an additional Mr 47,000 bands:
these components were indigestible in all of the samples. As
digestion progressed over 120min, the ﬁrst material to be
digested was the high-molecular-weight fraction with
digestion of the monomers beginning signiﬁcantly later.
The precise rates of digestion were also cultivar-dependent.
In cooked material (Nunes, 2004), the digestion of the
high-molecular-weight fractions proceeded at similar rates
to those in the uncooked sorghum but there was almost no
digestion of the monomers. Examples of the time course of
digestion are illustrated in Figs. 9 and 10.
Nunes et al. (2004) suggest that the observations are
consistent with the proposal of Oria et al. (1995) that
protein bodies are surrounded by a layer of material that
must be digested before the monomeric interior material is
digested. This seems a reasonable conclusion; however, the
digestion of the high-molecular-weight material is the same
in cooked and uncooked samples but the digestion rates ofates in sorghum varieties and maize (data from Nunes et al., 2004)
Cooked
000 Hmw Mr 66000 Mr 45000
g+a
g 66 kDa+g 45 kDag+a
g 66 kDa+g+a 45 kDa+g+a
g 66 kDa+g+a 45 kDa+g+a
g 66 kDa+g 45 kDa+g+a
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Fig. 10. SDS-PAGE under reducing conditions of kaﬁrin fractions
isolated by preparative SDS-PAGE of uncooked (upper panel) and
cooked (lower panel) sorghum cv Kenyan local white. The fractions
separated in the upper panel are (a) HMW aggregates; (b)Mr 66,000 band;
(c) Mr 45,000 band; (d) g-kaﬁrin; (e) a-kaﬁrin; (f) b-kaﬁrin. The fractions
separated in the lower panel are (a) HMW aggregates; (b)Mr 66,000 band;
(c) Mr 45,000 band. The ﬁgure was provided by Dr. A. Nunes (University
of Aveiro, portugal).
P.S. Belton et al. / Journal of Cereal Science 44 (2006) 272–286284the monomers are signiﬁcantly different. This implies that
cooking does not cause the high-molecular-weight material
to form a more effective barrier and that some other
process must be at work which reduces the rate of enzymic
attack. The nature of this process is not yet known but may
suggest a possible role for the irreducible 45,000 and 66,000
proteins that are observed in cooked sorghum. (see upper
arrows in Fig. 10 lower panel).
These results and those of Nunes et al. (2005) raise some
interesting questions about extraction methods. The objective
of Nunes et al. (2005) was to determine the oligomer
composition by extracting with t-butanol under non-reducingconditions. In contrast, Nunes et al. (2004) wished to ensure
complete extraction and reducing conditions were used. The
reducing agent was then removed and re-polymerisation
allowed to occur. There is no evidence that the high-
molecular-weight polymers that are formed on re-oxidation
are identical to those that existed before reduction and this
seems unlikely to be the case. Consequently, it is difﬁcult to
relate the results of such in vitro re-oxidation studies to the
state of the proteins as deposited in the protein bodies.
Nevertheless, the results do indicate of the existence of a
subgroup of proteins which behave signiﬁcantly different
to the other proteins on digestion. They are presumably
formed from the monomers, but since they exhibit
digestion kinetics which are signiﬁcantly different from
those of the monomers, they are not in equilibrium with
them in the extracts separated by electrophoresis. The
implication is that a subgroup of monomers exists which
can form high-molecular-weight polymers under non-
reducing conditions and these must in some respect differ
from the monomers which do not form such polymers.
7. Kaﬁrin ﬁlms
Kaﬁrins may be used to make biodegradable plastic ﬁlms
with properties which are similar to those of zeins (Buffo
et al., 1997; Da Silva and Taylor, 2005; Emmambux et al.,
2004; Gao et al., 2005). However, the precise nature of the
protein–protein interactions that are responsible for the
formation of ﬁlms are not known. Gao et al. (2005)
compared methods of extracting kaﬁrins for ﬁlm formation
showing that methods which maintain the greatest propor-
tion of a-helical structure gave the best ﬁlms in terms of
clearness, greatest strain at break, highest tensile strength
and lowest water vapour permeability. In contrast, extrac-
tion methods which resulted in the conversion of a-helix to
inter-molecular b-sheet gave ﬁlms of poorer quality. This
appears counter-intuitive as it might be expected that the
higher degree of inter-molecular interaction which exists in
b-sheet structures would favour the formation of strong
impermeable ﬁlms. However, the formation of inter-
molecular b-sheet during extraction resulted in the forma-
tion of clumps of protein in the casting solution which
remained on casting and resulted in an inhomogeneous ﬁlm.
It is thus likely that the inhomogeneous nature of the ﬁlms
formed is the cause of the poorer properties.
Although inter-molecular b-sheet formation does not seem
to enhance the properties of ﬁlms formed from kaﬁrins,
increasing inter-molecular interactions by cross-linking does.
Emmambux et al. (2004) demonstrated that treatment of the
protein with tannic acid or an extract of condensed tannins
from sorghum resulted in ﬁlms which had increased tensile
stress and Young’s moduli. Whilst water absorption was
decreased, there was no change in the apparent water vapour
permeability but there was a decrease in oxygen permeability.
These apparently contradictory results were explained by the
plasticising effect of water vapour: when the ﬁlm was
exposed to water vapour in the permeability experiment
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to a rubbery state. In this condition water may penetrate
relatively easily. No water was present in the oxygen
permeability experiment so no plasticisation took place, thus
there was continued resistance to the passage of the gas.
The forces that stabilise the ﬁlms when they are not
chemically cross-linked are unclear. There is no evidence of
conformational changes in the protein on ﬁlm formation
and this is conﬁrmed by studies on zein ﬁlm formation
(Hsu et al., 2005). Presumably, therefore, non-speciﬁc
forces are responsible; however, polymer entanglement
seems unlikely in these highly a-helical structures and
hydrogen bonding would be expected to result in some
changes in the infrared spectra. The implication is therefore
that van der Waals forces are the most important forces in
ﬁlm cohesion. This is consistent with views of Gao et al.
(2005) who suggested that the packing of the protein in the
ﬁlm is important and that compact a-helical structures may
pack more readily than aggregated b-sheet structures. This
implies that if ﬁlms were ﬁrst formed from a-helical
structures and then heated or otherwise treated to form
b-sheet structures, their strength would be increased since
the protein would remain evenly distributed but the
interactions would be enhanced.
8. Envoy
There is still much about kaﬁrin proteins that remain to
be understood. Very little work has been performed on the
structure of these proteins and most of our understanding
comes from analogy with homologous proteins, notably
from maize. However, it is clear that there are signiﬁcant
differences in the behaviour of kaﬁrins and the much more
studied zeins of maize. This is particularly true of their
responses to cooking where there are marked differences in
the digestibility of the cooked products. These differences
may relate to differences in the interactions between the
proteins or in the interactions of the proteins with other
chemicals present in the ﬂour. Similarly, the role of the Mr
45,000 and 66,0000 oligomers which are not apparently
stabilised by inter-chain disulphide bonds and are formed
by kaﬁrin but not zein remains to be understood.
Finally, it should be emphasised that an improved
understanding of the digestibility of kaﬁrin is not only of
academic interest but has a direct bearing on the well being
of the millions in the developing world for whom it is a
major source of dietary protein.
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